I.
INTRODUCTION
Silicon Carbide (SiC) has several superior characteristics when used as a semiconductor material [1] [2] [3] [4] [5] . In particular, SiC semiconductor devices are expected to have high temperature, high speed and high voltage operation capabilities, which are attributed to the wide bandgap of SiC. They cannot all be obtained with conventional Si-based semiconductor devices. This paper focuses on the high temperature operation capability of SiC devices and its switching characteristics in a dc-dc buck converter circuit. Although it has been mentioned that SiC semiconductor devices are suitable for high temperature operation, there are few reports on their relatively high temperature operation (i.e., < 200 o C) [6] [7] [8] . Furthermore, there has been no report on the operation of gate controllable devices such as JFETs at extremely high ambient temperatures. The two main reasons are that (a) the SiC JFET is still under development and (b) the difficulty of packaging its bare die for high temperature operation. The latter requires not only that the SiC bare dies be capable of operation at high temperatures, but also the package material (including the die attach and wire bonds) and the auxiliary circuit components (e.g., gate driver). Otherwise, the converter can only operate up to ambient temperatures not greater than 200 o C [6] [7] [8] . To this end, the authors mounted SiC JFET and Schottky Barrier Diodes (SBD) in dedicated thermally stable packages. The dc characteristics of the SiC JFET under extremely high ambient temperature conditions up to 450 o C were then evaluated using an automated experimental setup for high temperature measurements. The current ratings of the dc-dc buck converter were determined from the experimental results. The authors then designed and built an inductor using a high-temperature toroidal magnetic core and high-temperature wires to implement the dc-dc buck converter. Testing was done up to ambient temperatures of 400 o C using a resistive load in order to evaluate the switching characteristics of SiC devices in the converter circuit.
This paper is organized as follows: Section II describes the SiC JFET, SiC SBD and inductor, Section III presents the dc characteristics of the JFET under high ambient temperatures, Section IV evaluates the operation of the dc-dc buck converter under high ambient temperatures, and finally, Section V provides the conclusions.
II. DESCRIPTION OF THE HIGH TEMPERATURE COMPONENTS
A dc-dc buck converter is one of the simplest power conversion circuits consisting of a switching device, a diode, an inductor, and input and output capacitors. The presence of the inductor makes it suitable for evaluating the dynamic characteristics of switching devices in a practical circuit.
The SiC JFET used in the experiments was a vertical-topology bare die research sample supplied by SiCED. This JFET is usually supplied as a cascode device with a Si MOSFET, packaged in the general plastic IXYS i4 package [9] [10] . It has a surface area of 2.8 mm 2 , and ratings of 2.5A drain current and 1200V blocking voltage. The SiC SBD from Cree is a commercially available device, having a surface area of 1.9 mm 2 , and ratings of 4 A current and 600 V blocking voltage. It's operation is guaranteed up to a maximum temperature of 175 o C. The basic specifications of these SiC devices are given in Table I .
The authors packaged the SiC JFET and SBD bare dies on a Ni-plated JEDEC TO-258 package to allow high The inductor was built using a high-temperature magnetic toroidal core from Magnetics Inc. The core (Kool-Mu 97907-A7) is made of ferrous alloy powder with a relative permeability of 26 and a Curie temperature of 500 o C. The inductor has an inductance of 0.6 mH using 124 turns of high-temperature wire and can withstand temperatures of up to 450 o C. Fig. 1(c) shows the inductor built around the high-temperature magnetic toroidal core. The specifications of the inductor are summarized in Table II . Capacitors capable of operating at 400 o C were not available to the research team; in fact, this in itself is ongoing research at the present time. Thus, the converter circuit does not have the filter capacitors typical of these converters. Figure 2 graphically depicts the experimental setup to measure the dc characteristics of a SiC JFET under a wide range of ambient temperatures. The SiC Device Under Test (DUT) is placed inside a temperature-controlled oven. All the measuring equipment and power supplies to the device are controlled by a PC with LabView and an IEEE-488 (GPIB) link. The measurements were performed automatically and the data were collected and processed by the PC. There are two power sources; one to supply the drain-source voltage (V ds ) and the other to supply the gate-source voltage (V gs ). The drain-source voltage V ds is swept from 0 V to 20 V for different values of the gate-source voltage V gs . The power supply for V gs outputs voltages in two levels, the higher one is used for the parameter of the gate voltage (V gs ), and the lower voltage is used to switch off the JFET. The gate voltage (V gs ) is imposed on the DUT through the optically-isolated gate driver TLP-250. A pulse generator that can produce arbitrary widths of gate pulses is set to output 40 µs ON pulses to prevent self heating of the device by conduction current. A digital storage oscilloscope is triggered by the gate signal produced by the pulse generator, throughout an external trigger terminal (extTrig) and performs data acquisition. The PC executes part of the numerical processing and data storage, which are programmed with LabView. Figure 3 illustrates the I ds -V ds characteristics of a SiC JFET with the gate voltage V gs as a parameter at room, 200 °C, 300 °C and 450 °C ambient temperatures, respectively. temperature increases for values below 200 °C, but the changes become smaller at higher ambient temperatures (i.e., > 200 °C). These results indicate that the rated current of this JFET should be 0.7 A when this device is used in a circuit where its ambient temperature could be as high as 450 °C. Based on these results, the design of the dc-dc buck converter will consider a lower current of 0.5 A to incorporate a safety margin. Figure 4 (a) also indicates that the voltage drop between the drain and source for an operation of 0.5 A changes from 0.7 V at room temperature to 6 V at 450 °C. Figure 4 (c) shows drain resistance as function of temperature for I ds = 0.5 A. The figure indicates that the drain resistance at 450 °C becomes 10 times greater than those at room temperature. However, operation at these high temperatures for Si devices is impossible. The SiC JFET does not require changing the gate circuitry with increasing temperatures since the threshold gate voltage changes by only a few Volts, thus making the device easy to use in high temperature applications. Figure 5 shows the experimental setup for measuring the performance of the SiC-based dc-dc buck converter. Only the SiC JFET, SBD and inductor are exposed to ambient temperature variations in the oven since capacitors and gate drivers capable of operating at such high temperatures were not available to the research team. The measurements were performed outside of the oven through relatively long wires. Therefore, the effects of some parasitic inductance are noticeable in the measurement results. The converter operated at a 100 kHz switching frequency with 50% duty cycle, 100 V dc input voltage and a 100 Ω load resistance. As mentioned above, the rated output current was set to 0.5 A for the considered ambient temperature range from room (25 o C) to 400 o C. The gate drive voltage applied to the JFET is V gs = 0 V for the "on" condition and V gs = -18 V for the "off" condition, which is lower than the threshold gate voltage of -15 V at 450 o C. The summarized ratings of the dc-dc buck converter are given in Table III . Figure 6 shows the measured voltage and current waveform of the dc-dc buck converter as function of ambient temperature. Figure 6 Fig. 6(b) . The operation of this passive component under extremely high temperature conditions is fairly satisfactory. The main disadvantage is that its volume is approximately 230 cm 2 which is very large when compared to an inductor with similar ratings operating at room temperature. The inductor size can be reduced with raising the switching frequency further and applying core less inductor. increases. Figure 6(d) shows the drain current response of the JFET, which shows no reverse recovery or tail current. The turn-on behavior of the JFET is affected by the switching behavior of the SBD while the turn-off behavior is dominated by the JFET itself. The JFET retains its high-speed switching capability up to an extremely high ambient temperature of 400 o C. The di/dt of the drain current does not change with temperature, i.e., -1.45x10 7 A/s at room temperature vs. Figure 6 (f) displays the current flowing through the SBD that turns on quickly when commutating current from the JFET, and has a fairly small forward recovery accompanied by small oscillations as shown in Fig. 6(e) . Contrarily, it produces a relatively large reverse current at turn off. Even though the wires for connecting the devices are relatively long (resulting in some parasitic inductances), such a spike current is not observed during the turn on of the diode. So it cannot be attributed to entirely parasitic inductances. Furthermore, the SBD does not produce reverse recovery current by carrier recombination and the turn on speed of the JFET is quite fast resulting in a large dv/dt. The displacement current which charges the capacitance between the anode and cathode of the diode then becomes predominant. The oscillating current waveform has 0.8 µs period as shown in Fig. 6(f) , which almost coincides with the resonant period of 0.84 µs due to the 0.6 mH of inductor and the 30 pF diode capacitance (between anode and cathode) at 100V as given in the datasheet. Since the amplitude of the reverse displacement current does not change with temperature, it can be said that the switching speed does not deteriorate with temperature rise. The oscillations caused by the displacement current during the diode turn off decay, but have large amplitudes for about 2 cycles.
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The results indicate that the switching characteristics of the SiC JFET are excellent, and the turn-on speed of the SiC JFET must be reduced to cope with the SiC SBD switching characteristics to prevent transient ringing and undue derating of the JFET.
V. CONCLUSION
This paper investigated the characteristics of SiC JFET and SiC SBD under a wide range of ambient temperatures.
The conventional plastic package cannot be exposed to such high temperatures; therefore the authors packaged the SiC bare die devices into thermally stable packages. The packaged JFETs were evaluated over a wide ambient temperature range. The measured dc characteristic results indicated that the available current ratings of the SiC JFET decreases with increasing temperatures. The current rating became 20% at 450°C with respect to the one at room temperature. The threshold gate voltage was slightly lower with increasing ambient temperatures. However, it can be easily managed by offsetting the gate voltage a few Volts higher (in the negative direction).
A dc-dc buck converter for extremely high temperature operation with SiC JFET, SiC SBD (both in thermally stable packages) and a high-temperature inductor was designed by taking into account the drain current rating reduction of the JFET at high temperatures. The operation of the devices were confirmed and evaluated in the dc-dc buck converter operating from room temperature to extremely high ambient temperatures (~400 o C). Although the resistance between the drain and source increased and the power conversion efficiency deteriorated with temperature, this performance reduction was not very significant and the increase in the voltage drop between the drain and source was relatively small in comparison to the converter voltages. The superior switching characteristics of a SiC JFET were experimentally observed within the considered temperature range. The results showed that the inductive switching characteristics of SiC JFET and SBD hardly deteriorate with increasing temperatures. However, the very fast turn-on operation of the JFET induced reverse displacement currents in the SiC Schottky SBD. Therefore, this issue must be address in the design of the gate driver circuit.
In closing, these devices are eminently suitable for high temperature operation. This ability of SiC devices for extremely high temperature operation indicates that they hold promise for many applications.
